H-montmorillonite was modified by interlayer surface silylation using 3-aminopropyltriethoxysilane and dodecylamine in ethanol without a pre-swelling step. Dodecylamine acts as a gallery expander and silylation catalyst. The evaporation of ethanol from the dispersion yields well-ordered silylated montmorillonites with large basal spacing between 1.50 and 4.20 nm. Solid-state 29 Si CP MAS NMR of the silylated samples showed Q 2 and Q 3 signals as well as T 2 and T 3 signals. The increase in the relative intensity of Q 3 for Q 2 and the appearance of T 2 and T 3 signals was attributed to the grafting of 3-aminopropyltriethoxysilane to the interlayer surface silanol groups.
Introduction
Chemical modification of silica surface is an area of intense interest from both fundamental and practical points of view. [1] [2] [3] [4] [5] The covalent grafting of organic units on inorganic surfaces have been attempted mainly for chromatographic application. 6 In recent years, the chemical modification into the interlayer surface of layered materials found increasing interests. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Organochlorosilanes, used widely for the modification of silica surfaces, have also been employed for interlayer modification of layered silicates, 11, 12 leading to covalent grafting on interfaces. The covalent grafting of ethylene glycols 13 and silylation of various alkylchlorosilanes [14] [15] [16] into organo-layered silicates was reported.
This paper reports on the grafting of 3-aminopropyltriethoxysilane in interlayer surface of acid treated montmorillonite (HMMT). The silylation mechanism of 3-aminopropyltriethoxysilane into amorphous silica and alumina surface was well elucidated. 18 Interlamellar silylation of 3-aminopropyltriethoxysilane into motmorillonite was also conducted by refluxing in dry toluene. 19 Our synthetic strategy was focused on the simultaneous intercalation of 3-aminopropyltriethoxysilane and dodecylamine into HMMT in ethanol without a pre-swelling step. Intercalation and silylation was easily achieved by direct evaporation of ethanol from the dispersion of HMMT in 3-aminopropyl-triethoxysilane, dodecylamine and ethanol. Attached amine groups on the surface can offer reactive sites for chemical bonds with epoxy, nylon, imide, and urethane polymers. In particular, layered materials with attached amine groups also may be used as adsorbents of heavy metal ions, supports of drugs or enzymes and photosensitive devices.
Experimental Section
Materials. The silane coupling agent was APS [3-aminopropyltriethoxysilane: NH 2 -CH 2 CH 2 CH 2 Si(OC 2 H 5 ) 3 ] of special grade (Adrich, USA). Dodecylamine (DDA) was used special grade (Aldrich, USA). HCl and 95%-ethanol were used. MMT (montmorillonite) was purchased from YAGURI (Japan). The commercial MMT was purified using a sedimentation method. 2 wt% MMT suspension was prepared in deionized water and stirred overnight at room temperature, and then allowed to settle down for 2 h. The sediment was removed by decantation. The purified MMT was then recovered by centrifuging the decanted upper slurry, washed and oven dried for 24 h at 100 o C. HMMT was prepared by an ion exchange of exchangeable cations for H + in a 0.1 N HCl solution. The suspension composed of purified MMT (40 g) and deionized water (500 mL) was slowly titrated with a 0.1 N HCl solution to a final pH of 1.8 and then maintained at the same pH value for an additional 24 h. The sample was recovered by filtering, washed with deionized water to be Cl-free, and then dried in air for 24 h at 100 o C. The replacement of exchangeable cations by H + in the layered silicate produces organophilic properties in the interlayer surfaces because the silanol groups produce hydrogen-bonding sites.
Sample preparation. APS solutions were prepared to be 0.01 M-0.1 M in ethanol (95%). HMMT (1.0 g) was dispersed in 10 mL of these solutions (ultrasound for 20 min) at room temperature. The dispersion was evaporated to dryness for 24 h at 50 Characterization. Powder X-ray diffraction measurements were recorded on a Rigaku Rotaflex 200B diffractometer equipped with CuKα X-ray radiation and a curved crystal graphite monochromator. Solid-state 29 Si MAS NMR spectra were recorded on a Bruker CXP-100 spectrometer at a resonance frequency of 19.89 MHz with a 45 o pulse and a recycle delay of 7 s. Energy dispersive X-ray spectrometer analysis (EDS, Link system AS1000-85S) and thermo gravimetric analysis (TGA, 10 o C/min to 900 o C, 100 cc/min N 2 purge) were performed.
Results and Discussion
The X-ray powder diffraction pattern of purified MMT exhibits several (00l) reflections, indicating a basal spacing of 1.51 nm (Figure 1a ). This is larger than that (1.23 nm) of commercial MMT. It is attributed to solvation of interlayer cations by water molecules. Gillery 20 reported that the basal spacing of clay minerals is closely related to the relative humidity. Air-dried HMMT is very similar to MMT except for a little decrease in basal spacing (Figure 1b . This interlayer condensation may lose swelling property of APS-MMT. However, at higher concentration (0.1 M), the interlayer space expends to molecular length (~0.7 nm) of APS because APS molecules fill with enough to allow paraffin-type. This shows that APS grafted-MMT with large basal spacing can be prepared simply by evaporation of solvent from the dispersion of HMMT in APS-ethanol solution. In general, grafting of APS on the silica surface was conducted by filtering after reaction for several hours in toluene comprising excess APS. ), near ~-50 to -60 ppm, in 0.3DDA-0.01APS-MMT are attributed to the Si atoms of the grafted APS molecules. The Si signals for APS silylated on silica appeared in the range of -49 ppm to -68 ppm depending upon bonding type. 23 Si signals for alkyltrichlorosilane grafted on layered silicates was also appeared at -56 to -65 ppm. 16, 17 Here, all the APS molecules may not silylate with silicate surface because APS could hydrolyze in water. Above results show that the silylation by APS and intercalation of DDA proceeded more effectively by evaporation of the solvent from the dispersion of HMMT, APS, DDA and ethanol. Amine groups of APS and DDA molecules are very accessible to silanol groups in interlayer surface. Solvent also solvates interlayer Si-OH groups and makes easy intercalation of DDA and APS into interlayer. The solvation of DDA and APS within gallery results in additional expansion in gallery. DDA and APS molecules in gallery can have fully stretched arrangement. Evaporation of ethanol starts at the outside of particle, resulting in a higher concentration of DDA and APS on the external surface. This promotes intercalation of APS and DDA. The evaporation of residual ethanol in the gallery results in silylation of APS. The water molecules contained in ethanol catalyze interlayer surface silylation of APS during the evaporation of ethanol. The condensation of alkoxysilane is known to catalyze by base. DDA as gallery expander can also have a role as catalyst for the grafting of APS into the surface silanol groups. This evaporation process should be very efficient method for intercalation and silylation of silane coupling agents into layered materials and mesoporous materials.
Conclusions
MMT with attached amine group in interlayer surface was prepared successfully. The process proceeded more effectively by evaporation of the solvent from the dispersion of HMMT, APS, DDA and ethanol. APS was intercalated directly into interlayer space of acid-treated MMT and silylated with interlayer silanol groups, resulting in the grafting of APS on interlayer surfaces. DDA could have a role as gallery expander or silylation catalyst. Ethanol could control quantitatively the amount of APS and DDA needed to the gallery silylation and the water contained in ethanol catalyze interlayer surface silylation. 
